gether, these results suggest that Cvt19 is a receptor for
The majority of proteins required for Cvt transport are also required for autophagy, and prAPI is delivered to the targeting of resident hydrolases by the Cvt pathway. the vacuole by both pathways . Accordingly, we decided to examine whether cvt19⌬ cells Results are blocked in autophagy. Yeast mutants defective for autophagy, such as apg9, die rapidly upon shifting to a cvt19⌬ Cells Are Specifically Defective nitrogen starvation medium (SD-N; Figure 1B ). When in the Cvt Pathway cvt19⌬ cells were grown in SD-N, however, their viability Recently, a systematic analysis of protein-protein interwas the same as wild-type cells ( Figure 1B ). To examine actions in Saccharomyces cerevisiae was performed autophagy in cvt19⌬ cells more quantitatively, we folusing a yeast two-hybrid screen (Uetz et al., 2000) . In lowed the vacuolar delivery of the marker protein these studies, the Cvt pathway cargo protein prAPI was Pho8⌬60. Pho8⌬60 is a construct that consists of the found to interact with the unknown yeast open reading vacuole protein alkaline phosphatase (encoded by frame YOL082w. To examine whether YOL082w has a PHO8) in which the transmembrane domain that acts role in the Cvt pathway, the transport of prAPI was examas an internal uncleaved signal sequence has been reined in a YOL082w deletion strain. In wild-type cells, moved, resulting in a cytosolic version of the enzyme. prAPI is delivered to the vacuole with a half-time of This protein is delivered to the vacuole under nutrient approximately 30 min. In contrast, very little of the vacuconditions that promote autophagy, and is cleaved to olar mature form of API was detected in YOL082w⌬ cells a lower molecular weight form by vacuolar proteinase ( Figure 1A , left panels), suggesting that this protein is B (Noda et al., 1995) . In cvt19⌬ cells, the rate of vacuole required for the vacuole delivery of prAPI. Because of its delivery of Pho8⌬60 in SD-N was the same as in wildtype cells ( Figure 1C ). By contrast, in the autophagy role in the Cvt pathway, YOL082w was renamed CVT19. mutant apg13⌬, no mature Pho8⌬60 was detected. These results suggest that Cvt19 is required for Cvt transport, but is not necessary for autophagy.
While most components of the Cvt and Apg pathways overlap, some are specific for one or the other pathway. cvt19⌬ cells are blocked in prAPI import by the Cvt pathway and are not defective in autophagy. For this reason, we decided to determine whether Cvt19 was specific for the Cvt pathway by examining prAPI import under nutrient-rich and starvation conditions. Wild-type cells import and mature prAPI in both nutrient-rich (SMD, Cvt pathway) and starvation (SD-N, Apg pathway) conditions ( Figure 1A ). Vac8 is a previously characterized protein that is required for Cvt transport, but has a more limited role in autophagy . Because prAPI is selectively transported to the vacuole by autophagosomes in starvation conditions, the prAPI delivery block observed in rich media in the vac8⌬ strain was overcome when autophagy was induced in these cells. By contrast, the prAPI delivery block was not overcome in cvt19⌬ cells when autophagy was induced ( Figure  1A , right panels). These results could be explained if prAPI is not selectively localized to the site of autophagosome formation in cvt19⌬ cells.
Recently, our lab has characterized a second marker protein for Cvt transport. The vacuole protein ␣-mannosidase (Ams1) also travels to the vacuole by the Cvt pathway (Hutchins and Klionsky, 2001 . As a control, we examined the distribution of Vma4, a peripheral membrane subunit of the vacuolar indicate that the majority of vacuoles were intact and were effectively separated from cytosolic proteins in this membrane ATPase, and ALP, a vacuolar integral membrane protein. Vma4 was also stripped off of the memexperiment. Precursor API located in the pellet fraction was protease accessible and floated through a Ficoll brane by alkaline extraction, and was more sensitive to extraction by urea than Cvt19. In contrast, ALP remained step gradient in the absence, but not the presence, of detergent. These results suggest that prAPI was associlargely in the pellet fraction after alkaline extraction, and was only completely released from the membrane by ated with a cytosolic face of a membrane or with lipid, but was not present within an enclosed membrane comdetergent treatment. These results suggest that Cvt19 is a peripheral membrane protein associated with a lowpartment in the cvt19⌬ strain.
In examining the fractionation pattern of API in many speed pellet fraction. mutant backgrounds, we have observed that wild-type prAPI is typically recovered completely in the pellet fracCvt19 Is Delivered to the Vacuole tion when spheroplasts are fractionated by osmotic lysis by the Cvt Pathway in buffer containing 5 mM MgCl 2 (as in Figure 2B ). HowTo extend our analysis, we examined the biogenesis ever, when MgCl 2 is omitted from the lysis buffer, prAPI of Cvt19 with a pulse-chase experiment. After pulse is stripped off into the supernatant fraction (Oda et al., labeling wild-type cells, a single Cvt19 band was de-1996). In the experiment in Figure 2B pathway for vacuole delivery. Like vacuole delivery of prAPI, the rapid kinetics of degradation suggest that this transport event is specific and must require recruitment Cvt19 Is a Peripheral Membrane Protein To examine Cvt19 directly, antiserum was generated into the forming vesicle. To examine whether prAPI itself is involved in this recruitment step, degradation of Cvt19 against the protein (see Experimental Procedures). Cvt19 is predicted to be 48 kDa. In wild-type cells, a was examined in ape1⌬ cells. We found that the rate of Cvt19 degradation was reduced in the absence of prAPI. band that migrates at about 55 kDa was detected that was not present in cvt19⌬ cells ( Figure 3A) . Subcellular
The half-life of Cvt19 in rich medium increased approximately 4-fold in the ape1⌬ mutant compared to wildfractionation experiments were performed to determine whether Cvt19 is associated with membranes. After pertype cells (data not shown). These results suggest that the presence of prAPI triggers the efficient inclusion of meabilizing spheroplasts using the conditions described in Figure 2 , Cvt19 was recovered in the 13,000
Cvt19 in the forming autophagosomes and Cvt vesicles. The synthesis of prAPI is highly induced in nitrogen g pellet fraction ( Figure 3B ), suggesting that it was membrane associated. The nature of the interaction of Cvt19 starvation conditions . We examined the synthesis of Cvt19 to determine whether production with the membrane was analyzed by treating the pellet fraction with various reagents. The treated pellets were of this protein is also increased during nitrogen starvation. Cells were pulse labeled after growth in SMD media then subjected to centrifugation at 13,000 g and the resulting supernatant and pellet fractions collected.
or after incubation in starvation medium for either 1 or 2 hr, and the levels of Cvt19 and prAPI were examined Figure 5A) . In starvation conditions, the overall staining pattern was cating Cvt19 and prAPI as interacting proteins, suggest that Cvt19 may be a receptor protein for prAPI targeting. similar, but the fluorescent dots appeared to be slightly larger than in rich medium.
If this were the case, we would expect that Cvt19 would interact with prAPI during the import process. We examCvt bodies and autophagic bodies are stabilized and thus easily detected within the vacuoles of cells that ined the interaction of Cvt19 and prAPI in cell lysates by coimmunoprecipitation analysis. For these experiments, lack PrA, one of the major processing enzymes (Klionsky et al., 1990 Figure 5B ). In starvation vacuole inefficiently. Spheroplasts were pulse labeled, lysed in the presence of detergent, and subjected to conditions, subvacuolar vesicular structures containing Cvt19GFP were even more apparent in the pep4⌬ cells.
native immunoprecipitation with antisera against either Cvt19 or API. After the washing of the immune comTo confirm that the observed structures were Cvt bodies with prAPI in a manner that is dependent on the prAPI propeptide.
To investigate whether additional factors might be required for Cvt19-prAPI interaction, an in vitro binding assay was utilized. Protein extracts were isolated from E. coli transformed with either a plasmid encoding Cvt19 or the expression vector alone. The extracts were incubated with radiolabeled prAPI synthesized in vitro in a rabbit reticulocyte lysate-coupled transcription/translation system. The extracts were then subjected to a native immunoprecipitation with Cvt19 antiserum. Precursor API was highly enriched in an immunoprecipitation reaction containing Cvt19 extract compared to a protein extract isolated from bacteria expressing the vector alone ( Figure 6C ). This result indicates that an additional yeast protein is not necessary to act as a bridge between Cvt19 and prAPI. It is very unlikely that a heterologous protein factor could be provided by the reticulocyte lysate translation system because the level of such a factor would be substoichiometric in our binding assay. Furthermore, there is no evidence for either a Cvt19 homolog or a Cvt pathway equivalent in mammalian cells.
Discussion

Cvt19 Is Required for prAPI Import through the Cvt and Apg Pathways Precursor API is delivered to the vacuole by the related Cvt and Apg pathways (Baba et al., 1997; Scott et al., 1996
). The particular pathway that is utilized depends on nutrient conditions. In contrast to bulk cytosol that is taken up nonselectively by the Apg pathway, transport of prAPI is always selective. However, despite the characterization of numerous proteins required for the Cvt Figure 1E ). In lysates precipitated first with Cvt19 antiserum and then with API antiserum, a strong prAPI band was recovThus, Cvt19 is unusual among the characterized Apg/ Cvt proteins in that it is required for Cvt transport but ered from cells bearing P22L API. Under the same conditions, only an extremely weak band was recovered from is not required for pexophagy. In cvt19⌬ cells, the early steps of the Cvt pathway the ⌬9-11 API cells.
We also examined whether native API precursor or were not disrupted. Precursor API was found to oligomerize and bind to a membrane fraction (Figure 2 ). Howmature-sized proteins interact with Cvt19. Spheroplasts from wild-type cells were pulse labeled and then subever, when the prAPI binding interaction was probed more rigorously, it became apparent that the binding jected to a nonradioactive chase to allow for the presence of both mature API and transiting prAPI in the interaction was destabilized in cvt19⌬ cells. It may be that a second receptor protein that has still not been sample. After coimmunoprecipitation with Cvt19 and then API antisera, the precursor form, but not the mature identified also participates in Cvt transport. Precursor API may first bind to this unknown protein as part of form of API, was found to be associated with Cvt19 ( Figure 6B ). These results indicate that Cvt19 interacts the Cvt complex assembly process, and then be passed Cvt19 is also stabilized in ape1⌬ cells (data not shown), suggesting that interaction between Cvt19 and prAPI facilitates the inclusion of both proteins into forming vesicles. API synthesis is induced in starvation conditions. As expected for a specific receptor, Cvt19 is similarly induced at levels that are stoichiometric with prAPI ( Figure 4C ).
Cvt19 Interacts with the Precursor API Propeptide
Coimmunoprecipitation studies were carried out to demonstrate the interaction between Cvt19 and prAPI directly, and to identify the region of prAPI required for the interaction. In lysates taken from cells containing chromosomal levels of both prAPI and Cvt19, antibodies against Cvt19 precipitated not only Cvt19, but also prAPI in a native immunoprecipitation reaction ( Figure 6B ). Mature API present in the same reaction did not coprecipitate in these conditions, suggesting that it is the precursor form of API that is bound to Cvt19. Additional immunoprecipitation reactions indicate that the previously characterized propeptide mutant that is defective in membrane binding, ⌬9-11 API, did not coimmunoprecipitate efficiently with Cvt19 ( Figure 6A ). Conversely, a propeptide mutant that displays a strong membrane binding interaction but that is blocked in a subsequent stage of import, P22L API, was coimmunoprecipitated with Cvt19. These results suggest that a binding-competent propeptide region is necessary for the interaction between API and Cvt19. An in vitro binding analysis was carried out to determine whether additional protein components are required for prAPI and Cvt19 to interact. Cvt19 expressed in E. coli bound to in vitro-synthesized prAPI, suggesting that Cvt19 and prAPI bind to each other directly and do not require an additional yeast protein to form a stable complex ( Figure 6C ).
Cvt19 Is Required for Ams1 Transport
Additional genome-wide two-hybrid studies have un- Figures 4A and 4B ). Cvt19 degradation is depenmembrane of these double-membrane vesicles. These proteins would only reach the lumenal space between dent on PrA, suggesting that Cvt19 is delivered to the vacuole (data not shown). In addition, Cvt19 is stabilized the two membranes rather than the inside or cytosolic were used for the PCR reaction: 5Ј-GTAGAAACCTGCACAACCAT Klionsky, 1994) were described previously. Mouse monoclonal anti-GGAAATTAAG-3Ј and 5Ј-GAAATAAAAAGAGGTCGACAAAATCAC ALP was from Molecular Probes, and antiserum to PGK was gener-AAC-3Ј. The PCR product was digested with NcoI and SalI and ously provided by Dr. Jeremy Thorner (University of California at subcloned into pET-14b prepared by NcoI and XhoI digests, reBerkeley).
sulting in pET-API.
Strains and Media
Pulse-Chase, Nitrogen Starvation, and Pexophagy The cvt19⌬ strain was generated by PCR-mediated disruption of Pulse-chase, nitrogen starvation, and pexophagy experiments were performed as described (Hutchins et al., 1999; Scott et al., 1996) . the YOL082w locus, using the amplified sequence of the HIS5 gene
